Topical microbicides that block the sexual transmission of HIV and herpes simplex virus 2 (HSV-2) are desperately needed to reduce the incidence of HIV infections worldwide. Previously we completed phase 3 testing of the carrageenan-based gel Carraguard. Although the trial did not show that Carraguard is effective in preventing HIV transmission during vaginal sex, it did show that Carraguard is safe when used weekly for up to 2 years. Moreover, Carraguard has in vitro activity against human papillomavirus (HPV) and HSV-2 and favorable physical and rheological properties, which makes it a useful vehicle to deliver antiviral agents such as zinc acetate. To that end, we previously reported that a prototype zinc acetate carrageenan gel protects macaques against vaginal challenge with combined simian-human immunodeficiency virus reverse transcriptase (SHIV-RT). Herein, we report the safety and efficacy of a series of zinc acetate and/or carrageenan gels. The gels protected mice (75 to 85% survival; P < 0.001) against high-dose (10 6 -PFU) HSV-2 vaginal or rectal challenge. In contrast, zinc acetate formulated in HEC (hydroxyethylcellulose; or the Universal Placebo) failed to protect mice against the high-dose vaginal HSV-2 challenge (similar to aqueous zinc acetate solution and the placebo controls). The gels were found to be effective spreading gels, exhibited limited toxicity in vitro, caused minimal damage to the architecture of the cervicovaginal and rectal mucosae in vivo, and induced no increased susceptibility to HSV-2 infection in a mouse model. Our results provide a strong rationale to further optimize and evaluate the zinc acetate/carrageenan gels for their ability to block the sexual transmission of HIV and HSV-2.
M
icrobicide research is focused primarily on the prevention of HIV. However, the introduction of an effective microbicide may decrease condom use (17) , leading to the emergence of other sexually transmitted infections (STIs). Moreover, the presence of other STIs (e.g., herpes simplex virus 2 [HSV-2]) has been shown to increase the spread of HIV infection (2, 11, 18, 22) . Thus, microbicides that contain either an active pharmaceutical ingredient (API) or a combination of APIs with activity against multiple STIs are needed. The recent results of the phase 2b CAPRISA-004 trial showed that a gel formulation containing the antiviral drug tenofovir might constitute a good approach for decreasing the transmission of HIV-1 and HSV-2 (1). However, there remains the underlying concern with drug resistance (particularly against drugs like tenofovir that are already used in the treatment of HIV), and so it would be advantageous to identify a formulation that is not only less likely to promote the emergence of drug-resistant viruses but also active against antiretroviral (ARV)-resistant viruses.
Studies have shown that zinc salts have antiviral activity against a broad range of viruses, including HIV and HSV (4, 7, 19, 20, 27, 29, 45, 54) . Thus, topical application of formulations containing low-dose zinc salts represents a novel strategy for preventing the sexual transmission of HSV-2 and potentially HIV without the use of antiretroviral drugs.
Zinc is an indispensable element found in organisms and microorganisms. Its biological roles as a structural or functional factor include participation in signal transduction, gene expression, and metabolism of different biomolecules (6, 21, 41, 52) . Moreover, zinc salts have been proven safe for human use; zinc acetate is an FDA-approved oral treatment for Wilson's disease.
In vitro assays are challenging due to the toxicity of zinc salts to cells. While there have been some concerns raised about adverse effects of zinc salts (used nasally in humans [3] or vaginally in mice [7] ), it is important to point out that these problems have been encountered only with high doses of zinc salts (ϳ222 mM nasally and 200 mM vaginally). No zinc toxicity was seen in rabbits after daily vaginal dosing with 90 mM zinc acetate for 10 days (14) or after a 10-day treatment with zinc sulfate-loaded sponges (9) . Topical formulations require a suitable delivery vehicle. Carrageenan-based gels have been shown to be safe and acceptable for topical use in humans. This favorable safety profile, as well as good physical/rheological properties, makes carrageenan-based gels a potentially useful vehicle for future microbicides (12, 13, 15, 25, 26, 35, 37, 44, 49, 50) .
In addition, carrageenan has intrinsic antiviral activity. It has been shown to prevent human papillomavirus (HPV) infection in mice (43) , while closer analysis of a subgroup of highly adherent subjects in the Carraguard phase 3 clinical trial suggested that the carrageenan gel reduced the prevalence of HPV (34) . Carrageenan-based gels have been shown to prevent significant HSV-2 infection in the HSV-2 mouse model when challenged with low viral doses of HSV-2 (30, 32, 53) . Thus, using a carra-geenan gel as the vehicle potentially further broadens the formulation's spectrum of activity. Using a stringent macaque model, we recently showed that a prototype formulation containing zinc acetate in a carrageenan gel provided significant protection (70%, compared to a control carrageenan gel without zinc) against vaginal immunodeficiency virus infection when applied daily for 2 weeks or every other day for 4 weeks prior to virus challenge (23) .
Therefore, we developed a zinc acetate-carrageenan gel as a broad-spectrum microbicide that could prevent HIV, HSV-2, and potentially HPV. To identify an optimized formulation, we prepared a series of formulations in which both the manufacturing method and buffer varied. These candidate formulations were subjected to a battery of experimental (both in vitro and in vivo) assays and computational assessment. Tests included the monitoring of physicochemical properties, prediction of vaginal coating, in vitro release of the zinc, effects on cell viability and cell monolayer integrity, in vivo evaluation of histological changes, and efficacy in both HSV-2 mouse rectal and vaginal challenge models. Herein, we demonstrate that the optimized formulation of zinc acetate in carrageenan is an effective spreading gel that is safe and highly effective against high-dose vaginal and rectal HSV-2 infection. Taken together with our macaque data, these studies are promising enough to warrant testing in humans to determine that zinc acetate in carrageenan is safe and effective.
MATERIALS AND METHODS

Formulation-preparative methods. (i) Carrageenan/zinc acetate gels.
The lambda/kappa carrageenan was provided by FMC Corporation (Philadelphia, PA). Hydroxyethyl cellulose (HEC) 250 HX Pharm was obtained from Ashland Aqualon Functional Ingredients (Wilmington, DE). All other chemicals were purchased from commercial suppliers. Three different procedures for preparing iso-osmolar carrageenan-based gels were evaluated.
(a) Method 1. In step 1, a 1-liter mixing jar was filled with 347.5 ml of 10 mM pH 5.5 sodium citrate buffer and 4.0 g of NaCl. The solution was heated for 10 min at 75°C with stirring at 300 rpm using a Yamato LT 400 Lab-Stirrer. Fifteen grams of carrageenan was then added, and the mixture was stirred for 1 h at 75°C. In step 2, the formulation was cooled to 60°C. In step 3, a preformed solution of 1 g of methyl paraben in 100 ml of citrate buffer (previously heated at 60°C for 45 min) was added to the mixing jar, and the solution was allowed to cool to room temperature and stirred for an additional 1 h. In step 4, a premixed solution of zinc acetate dihydrate (2.5 g) in 10 mM citrate buffer (30 ml) was then added. In step 5, the solution was stirred for 2 h at room temperature.
(b) Method 2. In method 2, the same procedure was followed as in method 1, except step 4 was combined with step 1, and the solution in step 5 was stirred for an additional hour.
(c) Method 3. All components were combined and heated at 75°C for 1 h. The solution was allowed to cool to room temperature and then stirred for an additional 3 h.
Formulation composition. Six additional carrageenan gels (three using method 1 and three using method 2) were prepared in which the 10 mM sodium citrate buffer was replaced with either 10 mM potassium acetate, 10 mM sodium acetate, or 10 mM potassium citrate. Using method 1 above, carrageenan gels containing 1.0, 0.5, 0.3, 0.1, and 0.03 wt% zinc acetate dihydrate were prepared. These gels were evaluated with the HSV-2 mouse model to determine the minimum effective dose of zinc acetate dihydrate.
HEC-zinc acetate gels. (i) Method 4: pH 4.5 sorbic acid preservative. A 1,000-ml mixing jar was filled with 375 ml of water, 0.5 g of sorbic acid, and 2.5 g of zinc acetate dihydrate. While stirring the solution at 300 rpm with a Yamato LT 400 Lab-Stirrer, 14.0 g of HEC (2.7% HEC loading) was added in portions over 15 min. The mixture was stirred for 20 h at room temperature, and the pH was adjusted to 4.5 with 1 N HCl. Lowerviscosity formulations (to match the viscosity of the carrageenan-based gels) were prepared using 2.2% HEC loading.
(ii) Method 5: pH 6.9 methyl paraben preservative. A 1,000-ml mixing jar was filled with 375 g of water and 2.5 g of zinc acetate dihydrate. While stirring the solution at 300 rpm with a Yamato LT 400 Lab-Stirrer, 14.0 g of HEC was added over 15 min. The mixture was stirred for 17 h at room temperature. A solution of methyl paraben in water was prepared by heating methyl paraben (1 g) in 100 ml of water to 60°C. The methyl paraben solution was added to the formulation, which was then stirred for 1 h at room temperature. The pH was adjusted using 1 N NaOH. Lowerviscosity formulations were prepared using 2.2% HEC loading.
Determination of methyl paraben content. Methyl paraben content was measured via high-performance liquid chromatography (HPLC) on an Agilent 1100 integrated system equipped with an ACE 3 (150 by 4.6 mm) C 18 column and UV detection at 260 nm. The mobile phase was 50:50 acetonitrile-0.2 M NH 4 Ac(pH 5), with an injection volume of 10 l. The flow rate was 0.5 ml/min. One milliliter of test gel (exact mass recorded) was transferred to a 25-ml volumetric flask and diluted to volume with 40:60 (vol/vol) acetonitrile-5% dimethyl sulfoxide (DMSO)-95% H 2 O. The flask was then sonicated for 60 min (Branson model 1510). A portion of the solution was filtered through a 0.45-m filter and injected directly into the high-performance liquid chromatograph. Methyl paraben concentration was determined using a five-point standard curve.
Determination of zinc content. UV absorbance to obtain zinc content was measured at 555 nm using a Perkin-Elmer Lambda 2 UV/visible light spectrophotometer (47) . Thirteen milligrams of test gel was mixed with 200 l of 1 N HCl in a 2-ml conical centrifuge tube and vortexed for 5 min. One hundred microliters of this solution was transferred to a 15-ml centrifuge tube that contained 1 ml of 0.05 M Na 2 CO 3 -0.05 M NaHCO 3 (85:15 [pH 9.5]), 2 ml of 100% ethanol, and 1.5 ml of PAN solution [0.1% 1-(2-pyridylazo-)-2-naphthol in ethanol]. The solution was vortexed for 10 s. Zinc content was determined using a five-point standard curve (lower level of quantitation is 100 ng/ml).
Analyses of gel spreading: rheology, modeling of gel spreading, and computation of an objective function that merited gel spreading performance. Viscosity-versus-shear rate measurements were performed at 37°C in a TA model AR 1500ex rheometer (TA Instruments, New Castle, DE) using a 4°cone and 20-cm-diameter plate. Gels were tested undiluted and also after a 20% (vol/vol) dilution with human vaginal fluid simulant to mimic dilution by cervicovaginal fluids (40) . Viscosity was obtained by controlled stress measurements that created a range of shear rates (10 Ϫ3 to 10 2 s Ϫ1 ) characteristic of those experienced during vaginal spreading by a gel (28) . Yield stress (undiluted or diluted gels) was obtained by measuring the residual stress at 37°C in a Brookfield model 5HB DV-III Ultra rheometer (Brookfield Engineering Laboratories, Middleboro, MA) (28) . The rheological data were fit to a constitutive equation, the Carreau model, which characterized the relationship between the viscosity of the gel and its local shear rate (28) . These results were input to computations of coated area versus time, using a biomechanical model of spreading of the gel (24) . Here we used a gel volume of 3.5 ml.
To summarize the predicted vaginal spreading performance of the different gels, we employed an objective function, termed the "scoring function" (SF), that places merit on gel spreading (33) . The principle of the SF used here is that spreading is optimal when gel coats the entire surface area of the vaginal canal (ϳ100 cm 2 ), for which the value of the SF, termed the "score," is unity. For predicted coated areas that are less than ϳ100 cm 2 , the value of the SF is Ͻ1; if the predicted coated area exceeds ϳ100 cm 2 -so that the gel leaks out of the vagina-the SF is also Ͻ1. Thus, SF can be expressed as a function of predicted coated area and has a maximum equal to unity when that coated area equals vaginal epithelial surface area. For further details, see the article by Mahalingam et al. (33) .
Physiochemical properties (osmolality, pH, and simple viscosity). Osmolality was measured on a Vapro vapor pressure osmometer 5520 (Wescor, Inc., Logan, UT) calibrated with Opti-mole 100-, 290-, and 1,000-mmol/kg osmolality standards. Ten microliters of gel was sampled. pH was determined using an Orion 4-Star Plus benchtop pH/ISE meter (Thermo Scientific) with an Orion 8235BN PerpHect Ross flat-surface pH probe calibrated using three points: pH 4.0, 7.0, and 10.0. To obtain a simple measure of gel viscosity, for use in initial gel screening and interpretation of differences in carrageenan configuration within gels, viscosity was measured at 35°C on a Brookfield DV-IIϩ programmable viscometer equipped with a circulating water bath (Brookfield Engineering Laboratories, Middleboro, MA) and spindle SC4-28. The spindle speed was 5.0 rpm.
Stability studies. Twenty-five-gram aliquots of test gel were placed in 30-ml low-density polyethylene bottles that were stored under the following conditions: 30°C with 65% relative humidity, 40°C with 75% relative humidity, and 50°C with ambient humidity. Bottles were removed at scheduled times, and the gel was analyzed for methyl paraben content, osmolality, pH, viscosity, and zinc content.
Zinc release in vitro. Zinc release at 37°C with 75% relative humidity was measured using a Franz cell with a 9-mm-diameter donor chamber and a 5-ml receptor chamber with type 3 flow porting (PermeGear, Inc., Hellertown, PA). A 1-kDa-cutoff membrane was used to separate the donor and receptor chambers. Two hundred-fifty milligrams of test gel was placed on the filter; the release medium was iso-osmolar 10 mM citrate buffer (pH 4.5). Two hundred microliters of receptor medium was withdrawn at 1, 2, 6, 18, and 24 h, and an equivalent volume of citrate buffer was replaced to maintain a constant volume. Zinc content was assayed as described above.
Cell lines and viruses. Caco-2 cells were obtained through the American Type Culture Collection (ATCC; Rockville, MD). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen) and antibiotics at a final concentration of 50 U/ml of penicillin and 50 g/ml streptomycin (Invitrogen). For the seeding of Caco-2 cells, cells were grown and differentiated using the BD BioCoat HTS Caco-2 assay system (BD Biosciences, Bedford, MA).
The HSV-2 strain G was obtained from the ATCC and propagated in Vero cells (ATCC) as described by McDermott et al. (36) . The plaque formation assay on Vero cells was used to obtain the viral titer in PFU/ml, as described by Ashley (5) . The aliquots of virus stock were stored at Ϫ80°C.
Synergistic effect of the combination. The virucidal activity of each independent compound (lambda/kappa carrageenan and zinc acetate dihydrate) or the combination was determined as described by Arens et al. (4), with some modifications. Briefly, ϳ10 4 PFU of the HSV-2 G strain was combined with different concentrations of each compound or their combination in 10 mM sodium acetate buffer (pH 6.2; 300 mosmol/kg) in a total volume of 200 l. A mock-infected control containing only virus in 10 mM sodium acetate buffer (pH 6.2; 300 mosmol/kg) was also included. Each concentration or control was tested in triplicates. The assay was designed in a way that the ratio of carrageenan to zinc acetate dihydrate is approximately the 50% inhibitory concentration (IC 50 )/IC 50 ratio for the two compounds. Eight different concentrations of carrageenan (0.6, 0.3, 0.15, 0.075, 0.037, 0.018, 0.009, and 0.0045 g/ml) and zinc acetate dihydrate (600, 300, 150, 75, 37, 18, 9, and 4.5 g/ml) were tested. The samples were incubated for 6 h at 37°C, in 5% CO 2 , with 98% humidity. After incubation, decimal dilutions of each sample were performed to determine the virus titer using the plaque assay as described by Ashley et al. (5) . By performing these dilutions, the in vitro toxic effect of zinc was prevented. The percentage of virus inhibition was used to analyze the effect of the combination on the virucidal activity and to estimate the combination index (CI) values (8) .
Toxicity and monolayer integrity testing of formulations. The XTT assay, which is based on the reduction of the tetrazolium salt 2,3-bis (2-methyloxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (Sigma, St. Louis, MO), was used in Caco-2 cells to determine the CC 50 value (concentration of the formulation that showed 50% viability compared to a cell control that contained only media). Various dilutions of each formulation were added to the cells and incubated at 37°C in 5% CO 2 with 98% humidity for 2 or 6 h. Gynol II (a spermicidal gel containing Nonoxynol 9 and sodium carboxymethyl cellulose; Caldwell Consumer Health, LLC, Parsippany, NJ) was used as a positive control for cell death, and a carrageenan-based gel alone was used as a negative control. After the incubation, the monolayer was washed once with D-PBS (Invitrogen) and then replaced with fresh complete medium. The XTT assay was performed as previously described (15) .
Changes in Caco-2 monolayer integrity were measured by transepithelial electrical resistance (TEER) using the 3-day BD BioCoat HTS Caco-2 assay system. Briefly, Caco-2 cells were grown on double-chamber 24-well plates until differentiation was reached at a TEER value higher than 300 ⍀ ϫ cm 2 as measured by an EVOM epithelial voltimeter (World Precision Instruments, Sarasota, FL). Neat formulations were added to the apical surface of the monolayer, and resistance readings were measured at 0, 2, 4, and 6 h. Cells in growth media, carrageenan, Dulbecco's phosphate-buffered saline (D-PBS), or Gynol II versus media without cells (blank) were included as controls. The epithelial resistance was calculated by subtracting the ⍀ ϫ cm 2 of the blank from the ⍀ ϫ cm 2 of the treated wells.
Vaginal HSV-2 challenge. The vaginal HSV-2 challenge was performed on 8-week-old female BALB/c mice (Charles River Laboratories, Wilmington, MA) as described previously (53) . Mice received subcutaneously 100 l of medroxyprogesterone acetate (Depo-Provera; Upjohn, Kalamazoo, MI) at 25 mg/ml in D-PBS (Invitrogen). One week later, 10 l of the test formulation was inserted in the vagina 10 min before 10 l of virus (10 6 PFU/mouse) was applied.
In each experiment, two placebo groups (D-PBS and HEC) were used in addition to the carrageenan vehicle-only gel to compare to the test formulations containing zinc acetate. Beginning on day 4 after inoculation, mice were examined and scored daily for 19 days total. Animals with signs of infection such as hind limb paralysis, redness, hair loss, swelling, and/or lesions in the vaginal area were scored as infected and euthanized.
Rectal HSV-2 challenge. Eight-week-old female BALB/c mice (Charles River Laboratories) were fasted for 24 h prior to the rectal HSV-2 challenge assay, but food and water were available ad libitum following initial infection. At the time of formulation insertion and viral challenge, animals were anesthetized to both immobilize them and prevent defecation using an intraperitoneal (i.p.) injection of 100 l of a solution containing 1 ml of dissolved ketamine (Fort Dodge Laboratories, Fort Dodge, IA), 500 l of xylazine (Miles, Inc., Shawnee Mission, KS), and 6.75 ml PBS. Twenty microliters of test formulation was applied rectally, and after 10 min, mice were challenged rectally with 10 l of 10 6 PFU of HSV-2. Mice were examined and scored daily for 19 days, starting on day 4 after inoculation. Any mice with symptoms of infection including swelling, hair loss, redness, hind limb paralysis, and/or lesions in the rectal area were scored as infected and euthanized.
HSV-2 increased-susceptibility model. We followed the method described by Wilson et al. (51) . Eight-week-old female BALB/c mice were treated with medroxyprogesterone acetate as described above. Ten microliters of gel formulations (versus D-PBS and Gynol II) was delivered intravaginally daily for 7 days, and 12 h after the last application, mice were challenged with 2 ϫ 10 3 PFU of the HSV-2 G strain in a volume of 10 l. Mice were examined and scored daily for 19 days as described in the "Vaginal HSV-2 challenge" section.
Histological evaluation of the cervicovaginal and rectal mucosae after single-dose gel application. Eight-week-old female BALB/c mice were treated with medroxyprogesterone acetate or fasted and anesthetized before adding the formulations as described above for vaginal and rectal challenges, respectively. Mice treated with D-PBS or Gynol II were used as controls (positive and negative, respectively) to evaluate the normal architecture in the vaginal and rectal mucosae. Mice were sacrificed at 1, 6, and 24 h after gel applications, and the entire reproductive or lower rectal tracts were surgically excised. The tissues were fixed in 10% formalin (Sigma) and embedded in paraffin before preparing tissue sections of 4 to 6 m. Morphological analysis was performed using hematoxylin and eosin (H&E) staining followed by examination of the stained tissue sections with a Zeiss Axioplan 2 upright microscope. The micrographs were obtained using a Spot Insight QE color digital camera and the Spotbasic software. For each experimental condition, six sections of two to three different animals were analyzed.
Ethics statement for animal procedures. Protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the Comparative Bioscience Center (CBC) at Rockefeller University. Animal care procedures were in compliance with the regulations detailed under the Animal Welfare Act (10) and in the Guide for the Care and Use of Laboratory Animals (39) .
Statistical methods. Each experiment was repeated at least twice. In those experiments in which different dilutions of a compound or formulation were tested, each dilution or control was tested in triplicate. The CC 50 (cytotoxicity from the XTT assay) values and its 95% confidence intervals were calculated using a dose-response inhibition analysis on GraphPad Prism v5.0b software for Mac. Analyses of the combination effect were done according to the method described by Chou and Talalay (8) . The CI values were estimated using the Calcusyn for Windows software (Biosoft, Cambridge, United Kingdom). The Fisher's exact test was used for statistical comparison of the percentages of survival in the HSV-2 mouse model, using GraphPad Prism version v5.0b (GraphPad Software, San Diego, CA). A Mann-Whitney test was performed to compare levels of zinc release from all of the formulations at different time points. P values of Ͻ0.05 were taken as statistically significant.
RESULTS
Synergistic effect of the zinc acetate-carrageenan combination in vitro and a dose-dependent prevention of vaginal HSV-2 infection of mice by zinc acetate and/or carrageenan gels. Combining carrageenan with zinc acetate dihydrate resulted in a 3.7-fold reduction in the virucidal IC 50 compared to carrageenan alone. The CI value for the combination is given in Table 1 activity in mice, we tested gels containing different amounts of zinc for their ability to prevent significant vaginal HSV-2 infection after a high-dose challenge (10 6 PFU). Strikingly, formulations containing 1% (46 mM), 0.5% (23 mM), and 0.3% (14 mM) zinc acetate dihydrate provided significant protection against the highdose challenge (75 to 85%) when compared to carrageenan or D-PBS (P ϭ 0.0003 or P Ͻ 0.0001) (Fig. 1) . There was no significant difference between the efficacies of the 1%, 0.5%, and 0.3% zinc acetate dihydrate formulations. Therefore, we chose to perform extended optimization studies on the intermediate 0.5% zinc acetate dihydrate gel, determining the stability, safety, and efficacy of an optimized formulation.
Formulation optimization and stability testing of zinc acetate/carrageenan gels. As shown in Table 2 , we compared properties of carrageenan-based (formulations A to G) and HEC-based (formulations H to K) gels formulated with different methods and buffers to select the optimized formulation. Carrageenan-based gels prepared using method 1 (zinc acetate mixed with hydrated carrageenan at room temperature) were generally less viscous (by up to 40%) than gels prepared using method 2 or 3 (zinc acetate mixed with carrageenan at 75°C) and were relatively insensitive, as measured by viscosity, to the cation present in the buffer. However, method 1 gels were sensitive to the acid component in the buffer. Gels that contained citrate buffer were more viscous (10% to 23%) than gels that contained acetate buffer. Gels prepared according to method 2 were sensitive to the cation present in the buffer (data not shown). Specifically, gels containing potassium acetate or potassium citrate were 29% to 67% more viscous than gels prepared with sodium acetate or sodium citrate. We made no attempt to determine the effect of buffer and cation on HEC viscosity; all HEC gels in Table 2 are unbuffered and contain 0.85% sodium chloride to increase tonicity. Lowerviscosity gels H and I contained 2.2% HEC, whereas the higherviscosity gels J and K contained 2.7% HEC. However, we can say that the viscosity of HEC gels is insensitive to the pH of the formulation and preservative. Gels H and I (pH 6.9 and 4.4, respectively) had similar viscosities, as did gels J and K (pH 6.9 and 4.4, respectively).
Methyl paraben content, osmolality, and pH of the various zinc-containing gels remained relatively stable (varied by less than 20%) over the duration of the stability studies: 6 months at 30°C, 5 months at 40°C, and 1 month at 50°C. On the other hand, gel viscosity dropped significantly for some gels: as much as 33% at 30°C and as much as 75% at 40°C. As assessed by changes in viscosity, gels prepared via method 1 were generally more stable than gels prepared by method 2 or 3. In addition, gels that contained either potassium or sodium acetate buffer were more stable than those that contained either potassium or sodium citrate.
The anti-HSV-2 activity of zinc acetate requires formulation in carrageenan. Although carrageenan represents a promising delivery vehicle for zinc acetate, we also explored the potential utility of HEC, since HEC-based gels such as the Universal Placebo and 1% tenofovir gel have been widely used in clinical trials and shown to be safe (48) , and in the case of tenofovir gel, an effective vehicle.
Zinc release from the various formulations was measured over time (Fig. 2) . The amount of zinc released from the carrageenanbased gels over 24 h ranged from 17 to 25% of the zinc loaded in the formulation; the HEC-based gels released 38% of the loaded zinc over 24 h. At all time points, the HEC-based gels released significantly more zinc (P Ͻ 0.01) than any of the carrageenanbased gels. The difference was smaller at early time points, but still significant, and became much larger after 5 h (around 30% versus almost 200%).
We then tested the efficacy of these gels in preventing rectal or vaginal HSV-2 infection (Fig. 3 ) in mice. Zinc acetate formulated in carrageenan significantly protected mice against a high-dose HSV-2 vaginal challenge, as compared to carrageenan-only gel, a zinc acetate solution, or D-PBS (P ϭ 0.04 to 0.001 or Ͻ0.001) (Fig.  3, upper panels) . Remarkably, those formulations using HEC as a delivery vehicle for zinc acetate failed to protect the animals against vaginal infection, showing similar survival curves to HEC alone or D-PBS. The top three carrageenan gels as defined by vaginal efficacy (formulations G, D, and E) and the HEC-based gels were also tested rectally (Fig. 3, lower panels) . Just as for vaginal challenge, only the carrageenan-based zinc acetate gels protected mice against rectal infection with the high dose of HSV-2. Protection was highly significant when compared to the carrageenan-and HEC-and D-PBS-treated controls (P ϭ 0.04 to 0.0003), as well as significantly different compared to the HEC-based formulations containing zinc acetate (P Ͻ 0.001).
Carrageenan-based gels are likely to spread throughout the vagina. Rheological and computational analyses were performed to further characterize the carrageenan-based gels that were effective in the HSV-2 model. None of the gels exhibited a yield stress. However, as seen in Table 2 , there was a 2-fold variation in the simple viscosity of various gels. More comprehensive rheological analyses also showed a considerable range of viscosity versus shear rate values, for both diluted and undiluted gels. In general, dilution with vaginal fluid simulant reduced the viscosity of the gels over the entire range of shear rates (data not shown). There was variability in the computationally predicted rates of gel spreading and coated area for both undiluted gels and gels diluted 20% with vaginal fluid simulant, the latter being higher (Fig. 4) . However, the range of variation in predicted coated area was not nearly as great as that for the single values of simple viscosity (Table 2) . Taken together, our data suggest that neat and diluted carrageenan-based gels have the potential to effectively spread in vivo, coating the entire vaginal surface area.
Zinc-carrageenan gels exhibit little toxicity in vitro and in vivo and do not increase susceptibility to HSV-2 infection after repeated application. A microbicide must cause little or no damage to the local tissue to avoid enhancing infection rates. Although the efficacy data suggested that the zinc-containing gels were not damaging local tissues, we examined the three lead carrageenanbased gels (G, D, and E) more thoroughly through in vitro and in vivo approaches to rule out any potential safety concerns. Initially, the impact of these gels on epithelial integrity was determined using the stringent Biocoat Caco-2 cell system in which TEER values are measured after exposure to neat gels for up to 6 h (Fig.  5) . As expected, we found that Gynol completely destroyed the monolayer and the TEER values dropped to 0 within only 2 h of exposure. In contrast, TEER values for monolayers treated with gels D and E remained largely unaltered (comparable to carrageenan-treated monolayers), while the TEER values for monolayers treated with gel G were reduced about 50% (although electrical resistance remains above 400 ⍀ ϫ cm 2 ). The TEER levels of gel D-and G-treated monolayers decreased further after 4 and 6 h, but the values were still greater than those for Gynol-treated monolayers. Additionally, all formulations showed similar results in the cytotoxicity assay with CC 50 values of Ͼ1/20 dilution of the formulation, although the lowest dilution tested (1/20) showed a trend toward decreased viability without reaching the CC 50 value. Gynol showed CC 50 values around 1/500 for both 2-and 6-h incubations (see the supplemental material).
To further establish the biological relevance and utility of our TEER model, we studied the effect of selected zinc acetate/carrageenan formulations in vivo in mice. Histological analysis of tissues harvested 1, 6, and 24 h after vaginal or rectal application of formulations G and D (which showed the largest reductions in TEER at the later time points) revealed negligible damage to the vaginal and rectal epithelia and intact lamina propria at all of these time points (Fig. 6) . This contrasts the dramatic damage detected within 1 to 6 h of treatment with Gynol, which is largely repaired by 24 h. Neither, D-PBS nor carrageenan gel damaged the architecture of the vaginal or rectal mucosa.
Additionally, we performed a functional assay for epithelial damage by examining whether repeated pretreatment with the gels could enhance an animal's susceptibility to low-dose HSV-2 challenge. Mice received gels D, E, and G (versus carrageenan, D-PBS, and Gynol) daily for 7 days prior to being challenged with 2 ϫ 10 3 PFU of HSV-2 (a dose that infects only 50% of the animals). The viral challenge was performed 12 h after the last gel application, and HSV-2 infection was monitored for 20 days. Animals treated with zinc acetate-containing carrageenan gels were infected at a similar frequency to animals treated with D-PBS or carrageenan (Fig. 7) . This contrasts with the significant enhancement of infection caused by pretreatment with Gynol (P ϭ 0.0009 versus D-PBS; P ϭ 0.0004 versus carrageenan). Therefore, zinc acetate-containing carrageenan gels appear safe and effective in this demanding mouse HSV-2 efficacy model. These data support the advancement of zinc acetate-carrageenan gels as candidate topical microbicides.
DISCUSSION
This work was predicated on prior findings that zinc salts in solution, carrageenan gels, and zinc acetate-carrageenan gels exhibit anti-HSV-2 activity (4, 27, 30-32). Thus, it was logical to optimize a gel with properties suited for vaginal application as an anti-HSV-2 microbicide. In so doing, we integrated a variety of test methods: in vivo, in vitro, and in silico. Our underlying hypothesis was that the physical properties, stability, bioactivity, and safety of a zinc-carrageenan gel could be optimized for vaginal application. Our results confirmed this hypothesis. Specifically, zinc acetate in carrageenan (formulations D, E, and G) was effective in the HSV-2 mouse protection model and met or exceeded criteria for physicochemical properties, prediction of vaginal coating, in vitro release of the zinc, effects on cell viability and cell monolayer integrity, and in vivo evaluation of histological changes.
Carrageenan is a high-molecular-weight linear polysaccharide. The carrageenan used in this study was a 95:5 mixture of lambda and kappa carrageenans. As such, properties of the various formulations were dominated by the lambda component. Lambda and kappa carrageenans differ in the amount of 3,6-anhydrogalactose (3,6-AG) and sulfate ester present in the polymer chains. Kappa carrageenan contains approximately 34% 3,6-AG and 25% ester sulfate, whereas lambda carrageenan contains little or no 3,6-AG and ϳ35% ester sulfate. Carrageenan strongly binds monovalent and divalent cations (positively charged ions such as zinc) to neutralize the negatively charged (anionic) ester sulfate groups. Kappa carrageenan is sensitive to different cations, whereas lambda carrageenan is not.
In contrast to carrageenan, HEC has no ionic groups that can bind cations. However, HEC can form weaker, nonionic (Lewis acid/base) bonds with zinc through oxygen atoms present in the polymer backbone. Gels prepared from both the lambda and kappa carrageenan mixture and HEC released zinc. The carrageenan-based formulations released 17% to 25% of the total zinc loaded after 24 h, whereas the HEC-based formulations released significantly more (P Ͻ 0.01): 32% to 38%. The projected 
FIG 4
Zinc-carrageenan gels as well as gels containing carrageenan alone are good spreading gels. Shown is the spreadability of different formulations containing 0.5% zinc acetate dihydrate in a carrageenan-based gel using the computed vaginal surface area with undiluted or diluted gel (20% vaginal simulant). Gel rheological measurements of viscosity versus shear rate were performed at 37°C in a TA model AR 1500ex rheometer (TA Instruments, New Castle, DE) using a 4°cone and 20-cm-diameter plate. The 20% dilution is a conservative upper bound limit of the extent of gel dilution over the first 5 min of vaginal spreading in vivo. According to the biomechanical model, optimal spreading is 100 cm 2 using 3.5 ml of gel with a force of 1 pound-force (lbf) for 300 s. The experiment includes a control with 3% carrageenan (vehicle). The measurement of rheological properties and subsequent computations of coated area were performed in triplicate for each gel, undiluted and diluted (three independent rheometric experiments with subsequent computations of coated area performed for each gel). Coefficients of variation for the rheometric parameters, computed from the raw rheometric data and subsequent computations of coated area, were all less than 5%. The data represent median values.
vaginal dose of our gel, in humans, ranges from 3 to 4 ml. This would translate to 4 to 6 mg of zinc released per day; an 8-to 12-ml rectal dose would translate to 12 to 16 mg per day. If we take into consideration that only 20% of the zinc will be released from the gel in 24 h, then the maximum daily dose of zinc released into the vagina or rectum, but not necessarily absorbed systemically, will be much lower than the oral dietary allowances of 8 to 13 mg per day as recommended by the Food and Nutrition Board (16) .
The carrageenan-based zinc gels were shear thinning: that is, viscosity decreases with increasing shear rate. Within the vagina, gels can experience shear rates spanning five orders of magnitude: precoital spreading (shear rates as low as 10 Ϫ3 s Ϫ1 ) to coitusinduced spreading (shear rates as high as 10 2 s Ϫ1 ) (28, 46) . The biomechanics of gel spreading and retention depends upon this entire range, in a multivariate and nonlinear way (24, 28, 46) . A single value of viscosity, measured under standardized conditions, can prove valuable in monitoring differences in gel structure and stability (see below). However, no single value of viscosity can correlate with rates of spreading, for example. Thus, there is no simple correlation between the simple viscosity values in Table 2 and the predicted spreading areas in Fig. 4 . This exemplifies the fact that single measurements of viscosity of a non-Newtonian shear-thinning fluid, such as a gel, do not correlate linearly with rates of flow and surface areas coated (whether predicted using 
FIG 7
Repeated treatment with zinc-carrageenan formulations does not increase HSV-2 susceptibility in the mouse model. The indicated gel formulations were delivered intravaginally daily for 7 days to medroxyprogesterone acetate-treated BALB/c mice (n ϭ 20 to 24 per group). Twelve hours after the last gel was applied, mice were challenged with 2 ϫ 10 3 PFU of HSV-2 strain G. Mice were examined and scored daily for 19 days. Percent survival over time is shown for each treatment group. There was not a significant difference between each individual gel (D, E, or G; P Ͼ 0.096) or the combination of the data from those three gels (P Ͼ 0.055) compared to D-PBS or carrageenan gel. A very significant difference (P ϭ 0.0009 or P ϭ 0.0004) was observed when comparing Gynol versus D-PBS or carrageenan, respectively. biomechanical models, as performed here, or measured experimentally) and that comprehensive rheological evaluation of gels is needed to fully assess the properties of gels.
The incorporation of data on gel rheology, and the resulting predictions of vaginal spreading, into an algorithm that creates a summary measure of gel spreading performance (i.e., the SF) is a new approach with promise to improve the rational design of vaginal microbicide gels (33) . Our use of this algorithm here enabled us to place merit and rank order the spreading performance of 10 different prototype carrageenan formulations, plus the carrageenan-alone gel (data presented in Fig. 4) . The results showed that the carrageenan-alone gel performed very well, but 5 other formulations performed very nearly as well. This narrowed the set of candidate formulations; additional performance factors could be and are being applied to selection of the "best" formulations.
Since carrageenan alone can effectively impede infection in the HSV-2 mouse model when using a 10 4 -PFU challenge dose per mouse, we performed the viral challenge using 10 6 PFU per mouse, a viral concentration that translates to ϳ10,000 50% lethal doses (LD 50 s). At such a high viral challenge, carrageenan-based gels containing 0.3 to 1% of zinc acetate dihydrate were able to protect 75 to 85% of the mice, while the carrageenan-alone gel failed to protect them.
The HSV-2 efficacy testing, which compared carrageenanbased and HEC-based zinc acetate-containing gels, clearly revealed the benefit of using carrageenan as a drug delivery vehicle. This could be related to the fact carrageenan-plus-zinc formulations contained two proven antiviral components, while the HEC formulations contained only one, zinc acetate. However, there was significantly more zinc released from the HEC gels compared to the carrageenan formulations. This raises obvious questions regarding the possible mechanism(s) of antiviral action of the zinc acetate-carrageenan gels that we are currently trying to answer. For example, is it the free or carrageenan-bound zinc, or a combination of both, which is responsible for the highly effective antiviral activity in vivo?
Several papers have discussed the benefit of zinc as a broadspectrum antimicrobial agent (4, 19, 20, 27, 29, 42, 45, 54) . However, there are characteristics of zinc salts that render zinc assessment problematic in a number of in vitro assays. Most of the intracellular zinc is bound to proteins, and only an exceptionally small percentage is free or loosely bound (29) . Just a small overload of free zinc, which the cells cannot buffer, will be toxic to them. Perhaps this is why we saw a decrease in viability and a drop in TEER values at the 4-and 6-h time points in those formulations containing zinc and is also the primary reason that our efficacy and safety studies have focused on the in vivo model; here, the dose that was formulated in carrageenan was highly efficacious in blocking HSV-2 infection, without severe signs of toxicity. Other experiments have shown that the efficacy of zinc salts as candidate topical microbicides in the vaginal HSV-2 model could be related to the sloughing of infected epithelial cells before the virus could enter peripheral neurons (7) . In this cited study, a 200 mM dose of different zinc salts (including zinc acetate) was used. This concentration represents around 10 times more zinc than was used in our formulation.
To assess if our formulations could induce substantial vaginal epithelial disruption, we examined the architecture of the cervicovaginal and rectal mucosae of mice at 1, 6, and 24 h after gel application. The histological analyses of the samples treated with formulations D and G showed some fractures of the vaginal and rectal epithelia at times 1 and 6 h after gel application; but this did not compromise the lamina propia, as seen in Fig. 6A and B. Since the vehicle (carrageenan) showed no negative effect on the architecture of the epithelia, we hypothesize that zinc may be responsible for the subtle, transient changes in the epithelia. As mentioned before, Bourne et al. (7) suggested that the protection from HSV-2 infection seen in mice treated with solutions of zinc salt might be the result of epithelial sloughing and the subsequent lack of a site for primary replication of the virus. In our assay, we used highly stringent conditions: medroxyprogesterone acetate to thin the epithelia and an extremely high virus concentration (10 6 PFU/ mouse, equivalent to ϳ10,000 LD 50 s). These were sufficient to eradicate any protection from carrageenan, zinc acetate solutions, or zinc acetate in HEC. Moreover, although some cell sloughing is seen due to the fracture of the epithelia, most of the cells were still associated with the vaginal and rectal mucosae. Taking into consideration the reduction in the TEER values in vitro and knowing that previous publications using diluted formulations (compared to our neat gels) have related the decrease in TEER to increased susceptibility to HIV infection (38), we then decided to perform a more biologically relevant assay. In this assay, we examined if daily vaginal administration for 7 consecutive days could enhance HSV-2 susceptibility in mice. Several laboratories have recently used this model as a way to predict safety (51) . The model looks at increased HSV-2 susceptibility (presumably due to disruption of the epithelium) and may also provide a biomarker for a similar effect on HIV susceptibility. Based on our results, the zinccarrageenan formulations have no deleterious effect. All of these factors suggest that inducing epithelial sloughing may not be the mode of action of the zinc acetate/carrageenan gels. Moreover our published data on a zinc-carrageenan (PC-707) and nonnucleoside reverse transcriptase inhibitor (NNRTI)-zinc-carrageenan (PC-1005) gels, where the gels are administered daily vaginally for 14 consecutive days, show that significant protection is achieved even when challenging the macaques with combined simianhuman immunodeficiency virus reverse transcriptase (SHIV-RT) 8 or 24 h after the last gel application. In this study, no locally adverse effects were seen, including no impact on vaginal pH or significant changes in the levels of cytokines or chemokines in vaginal fluid. It is important to mention that the zinc formulation used in this study contains a lower concentration of zinc acetate dihydrate (0.3%), compared to the 0.5% concentration in gel D, G, or E in our present study. The other constituents and physical characteristics (carrageenan, buffer composition, and rheology) are similar.
The CAPRISA-004 trial showed that a gel containing an ARV drug (tenofovir) may effectively protect against both HIV and HSV-2 transmission (1). This result constitutes the first proof of concept that a microbicide gel administered vaginally may impede sexually transmitted infections. Our zinc acetate-carrageenan gels have the potential to block HIV and HSV-2 and even HPV. In addition, our formulation is iso-osmolar (instead of hyperosmolar like the 1% tenofovir gel) and the use of a non-ARV molecule could be an important advantage in terms of selection of resistance and the possibility of being available over the counter. It is likely that the introduction of a tenofovir gel, if proven effective to prevent HIV and HSV-2, will help to reduce the number of new infections. However, it is critical to look for broad-spectrum, non-
